Interest in stipitate hydnoid fungi of the genera Bankera, Hydnellum, Phellodon and Sarcodon has increased due to the decline in numbers of sporocarps in Europe. Conservation of these fungi is hindered by a lack of understanding of their basic ecology. In particular, a better understanding of their belowground ecology is required. Real-time PCR in conjunction with spatially explicit sampling was used to quantify the relationship between sporocarps and mycelium of Hydnellum peckii and Phellodon tomentosus. Species-specific DNA of the target species was quantified in 100 soil samples collected on a 360 Â 360 cm grid at five locations where sporocarps were present. All sporocarps within the grid and up to 2 m around the grid were mapped. Sporocarp production did not occur over the whole extent of the belowground mycelium of these two species, and mycelium extended up to 330 cm away from the immediate site of sporocarp production. Spatial analyses using Kernel-smoothing and Moran's I correlograms showed that, with a single exception, there was no quantitative relationship between sporocarp distribution and the belowground abundance of mycelium. These findings have important implications for the conservation of this rare group of fungi.
Introduction
Stipitate hydnoid fungi are a polyphyletic group with species in the Cantharellales, Hericiales and Thelephorales (Basidiomycota) (Pegler et al., 1997) . These fungi have a hymenium of teeth as opposed to the more common gills or pores. The genera Bankera, Hydnellum, Phellodon and Sarcodon (all within Thelephorales) are generally considered to be ectomycorrhizal (Agerer, 1991 (Agerer, , 1992 (Agerer, , 1993 Agerer & Otto, 1997) . Sporocarp production by Bankera, Hydnellum, Phellodon and Sarcodon has been declining across Europe over the last four decades (Otto, 1990; Hrouda, 1999; Arnolds, 2003) , resulting in their inclusion on European Red Data Lists (Senn-Irlet et al., 2007) . In parts of Europe, sporocarps of many species, in particular those that are associated with Scots pine (Pinus sylvestris L.), have not been recorded since the 1970s and are possibly extinct (Walleyn & Verbeken, 1999; Arnolds, 2003) . Stipitate hydnoid fungi have been shown to be particularly sensitive to nitrogen deposition (Vesterholt et al., 2000) , which may explain the sharp decline of these fungi in countries with high levels of eutrophication (Arnolds, 2003) . Sporocarps are often found at distinctive sites characterized by mineral soils with low organic matter content and very little ground vegetation (Newton et al., 2002) . Gaps of several years between fruiting events are normal (Gurney, 2007) , but nothing is known about what controls sporocarp production of these rare and charismatic fungi. Because there may be several explanations for the restricted (in space and time) sporocarp production of stipitate hydnoid fungi, a first step in their conservation and management is to understand the relationship between sporocarp production aboveground and the belowground distribution of mycelium. This may reveal whether sporocarp production is restricted by the extent of the belowground mycelium or if other mechanisms regulate the fruiting.
Ectomycorrhizal fungi, such as stipitate hydnoids, are important functional components of forest ecosystems. The relative spatial distribution of mycelium and sporocarps of ectomycorrhizal fungi is known to differ between species. For example, Hebeloma cylindrosporum produces small mycelial genets around individual sporocarps (Guidot et al., 2001) while Suillus grevillei genets are generally larger, not always centred around individual sporocarps, and the area of an individual mycelium does not reflect the overall number of sporocarps produced (Zhou et al., 2001) . Genet diameters of 4 10 m have been reported for Tricholoma matsutake (Lian et al., 2006) and Suillus pictus (Hirose et al., 2004) based on the presence and absence of sporocarps and mycorrhizae. In one of the few attempts to quantify mycelial DNA in soil, Guidot et al. (2002) used competitive PCR to quantify H. cylindrosporum DNA in soil extracts. They observed that mycelium of this fungus could only be detected in soil taken directly from underneath the sporocarps. In later work they also showed that DNA from H. cylindrosporum mycelium could not be detected 4 1 year after the disappearance of sporocarps from the site (Guidot et al., 2003) . Information of this type is not currently available for stipitate hydnoids but is essential for informing future management strategies. Recent development of species-specific PCR primers for rare hydnoid fungi (Van der Linde et al., 2008 ) means that it is now possible to apply quantitative real-time PCR in conjunction with spatially explicit sampling to investigate the distribution of mycelium of individual stipitate hydnoid species in field soil. We used this approach to test the hypothesis that the spatial distribution of sporocarps of rare stipitate hydnoids reflects the distribution of their belowground mycelium. Hydnellum peckii and Phellodon tomentosus were selected as representative species of stipitate hydnoid fungi that form an ectomycorrhizal symbiosis with Scots pine. The level of conservation concern for these two species is lower than that for other hydnoid species and they occur in higher abundances than most other stipitate hydnoid fungi (Newton et al., 2002) . A combination of these two factors made it possible to find suitable sampling sites for these two species. Linde et al., 2008) . All sporocarps and trees within the grid, and up to 2 m around the grid, were mapped. The soil profile at Mar Lodge consists of a shallow (0-5 cm) organic horizon on top of deposits of mineral sand and rocks. At Culbin, the soil profile consists of an organic horizon (2-7 cm) above mineral sand deposits. The cores were stored at À 80 1C until DNA extraction.
Materials and methods

Sample collection
DNA extraction and purification
DNA was extracted from soil samples using the method described by Griffiths et al. (2000) . The soil samples were thoroughly homogenized by hand and coarse roots and woody debris were removed, but no attempt was made to remove the finest roots and ectomycorrhizae because it is very difficult to make a distinction between extramatrical mycelium and the outer mantel of hydnoid ectomycorrhizae, which are described as 'loosely plectenchymatous, net like' (Agerer, 1992 (Agerer, , 1993 . A 0.5-g subsample was transferred to a FastPrep lysing matrix-E tube (Qbiogene, Cambridge, UK), and 500 mL 5% CTAB and 500 mL phenol : chloroform : isomyl alcohol (25 : 24 : 1) were added. The samples were lysed for 15 s at 5000 r.p.m. in a Precyllis 24 lyser (Stretton Scientific Ltd, Stretton, UK), cooled on ice for 60 s and then lysed again for a further 15 s. Following centrifugation at 18 000 g for 5 min, the aqueous layer was removed and further extracted using an equal volume of chloroform : isoamyl alcohol (24 : 1) and centrifugation at 18 000 g for 5 min. Nucleic acids were precipitated using two volumes of 30% (w/v) polyethylene glycol 6000 in 1.6 M NaCl for 2 h at room temperature, followed by centrifugation at 18 000 g for 10 min. The precipitated nucleic acids were washed with cold 70% ethanol before being air dried and resuspended in 50 mL Tris-EDTA buffer. Finally, the extracted DNA was purified using the Gene Clean Turbo kit (Qbiogene) following the manufacturer's protocol.
DNA quantification
The amount of target DNA in each sample was measured by quantitative real-time PCR with the previously developed primer pairs (Van der Linde et al., 2008) (Gardes & Bruns, 1993) were used to generate a 210-bp partial ITS amplicon from P. tomentosus. Real-time PCR was performed on a Rotor-Gene RG-3000 (Corbett Research Ltd, St Neots, UK) and reaction mixtures were prepared using a CAS-1200 robot (Corbett Research Ltd) for added precision. Primer concentrations and annealing temperatures were optimized experimentally. The primer concentration was optimized by performing a PCR with 5, 10, 20 or 40 pmol of each primer. The optimum primer concentration was determined as the concentration at which the highest amount of DNA was amplified without the formation of primer-dimers, which was 5 pmol for each primer set. The annealing temperature was optimized for real-time PCR by performing separate PCRs with annealing temperatures of 0, 1, 2 and 3 1C lower than the optimal annealing temperature determined in Van der Linde et al. (2008) . The optimum annealing temperature was determined as the temperature at which the highest amplification efficiency was obtained without the formation of primerdimers, which was 60 1C for H. peckii and 53 1C for P. tomentosus. A total reaction volume of 25 mL was used and each reaction mixture contained 5 mL of diluted DNA template (representing 1-10 ng mL À1 ), 12.5 mL of 2 Â concentrated Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, Paisley, UK), 0.5 mL of 1.0 mg mL À1 bovine serum albumin and 5 pmol of both forward and reverse primers. The real-time PCR reaction consisted of two initial steps of 2 min at 50 and 95 1C, respectively, followed by 45 cycles of 95 1C for 15 s, 30 s at either 60 1C (1peck/ITS2) or 53 1C (4tom/ITS4-B) and 72 1C for 30 s. Melt curves were constructed at the end of each reaction to check for the formation of primer-dimers or other nonspecific amplified products.
Construction of standard curves
Standard curves were constructed for both species based on cycle threshold (C t ) values from a 10-fold dilution series (from 10 À1 to 10 À7 ng mL À1 ) with three replicates for each concentration. The standards consisted of plasmid clones containing ITS products generated from H. peckii and P. tomentosus sporocarp DNA (University of Aberdeen voucher SL29 and SL44) using the primer pairs 1peck/ITS2 and 4tom/ITS4-B, respectively. The target DNA was cloned into the pGEM-T Easy vector (Promega, Southampton, UK) and purified with the QIAprep Spin Miniprep kit (Qiagen Ltd, Crawley, UK). The concentration of the plasmid DNA samples was quantified using a PicoGreen dsDNA quantification kit (P-7589, Molecular Probes, Invitrogen) following the manufacturer's protocol. The standard curve was imported into every sample run. Because C t values may vary slightly between different runs, three replicates of standard DNA with a concentration of 1 Â 10 À5 ng mL À1 were included in each run and the standard curve was adjusted to fit the mean concentration of these replicates.
Data analysis
Real-time PCR data were analysed using ROTOR-GENE 6 software (version 6.0.41). The C t was adjusted to ensure the highest efficiency with the highest R 2 (between the C t value and DNA concentration) for the standard curve and to ensure that the C t was within the exponential phase (this was not always the case when performed automatically by the software). In the exponential phase, the amount of DNA theoretically doubles every cycle; hence, concentration at the C t is directly related to the starting concentration. The concentration of target species DNA in each sample was measured in two separate real-time PCR runs and expressed as pg g À1 of soil. The relationships between C t values and the log DNA concentrations were linear for both species with an R 2 of 0.99 and the efficiency of the real-time PCR reactions for both species was 0.93 (Fig. 1) . The average concentration was used in further analysis. SDs for the C t values for each run were calculated, and if the SD was 4 5% of the mean C t value, the run was repeated with a 1/100 dilution of the template. To enable the comparison of our DNA concentration data with previous studies, the ). An internet-based oligonucleotide properties calculator (Kibbe, 2007) was used to calculate the molecular weight of the ITS amplicons of both species.
Spatial distribution
To enable the comparison of sporocarp and belowground mycelium distribution patterns, the sporocarp data were transformed into point density distributions with Kernel smoothing in GENSTAT version 9.2 (VSN International Ltd, Hemel Hempstead, UK). The Kernel-smoothing calculates a weighted value of sporocarp density around each grid intersect. The distance around an intersect that contributes to the density value is called 'bandwidth'. The contribution of each sporocarp to point density decreases linearly with increasing distance from the intersect with a value of 1 when the sporocarp is on top of the intersect; and 0, when the sporocarp is on the limit of the bandwidth. For all grids, a bandwidth of 80 cm was used for the calculation of sporocarp densities. Contour plots of the Kernel-smoothed sporocarp distributions were made with SIGMAPLOT 10.0 (Systat Software Inc., Hounslow, London, UK). Following this, the Pearson correlation between the smoothed sporocarp data and belowground DNA concentration at each sampled grid intersect was calculated. To correct for Type I errors caused by possible spatial autocorrelation of DNA or sporocarp values, the significance of this correlation was tested using a modified t-test (Dutilleul, 1993; Legendre, 2000) . Moran's I correlograms were used to examine aggregation of belowground DNA. Moran's I values vary between -1 (negative spatial autocorrelation) and 11 (positive spatial autocorrelation): values close to zero indicate no autocorrelation (Legendre & Legendre, 1998) . DNA concentrations were transformed to fit a normal distribution using power transformations. The software package ROOKCASE (Sawada, 1999 ) was used to calculate Moran's indices for the transformed DNA concentrations at nine distance classes (every 40 cm), and these were used to construct a Moran's I correlogram for each grid. Significance levels were assessed by a Monte-Carlo permutation test (5000 permutations) and corrected for multiple uses of the same data at different distance classes (Bonferroni correction). SIGMAPLOT 10.0 (Systat Software Inc.) was used to construct contour plots of log-transformed DNA concentrations in order to visualize belowground distribution. These contour plots were used in the interpretation of the results of the Moran's I correlograms and to examine whether sporocarp position was related to areas of high concentration of belowground mycelial DNA.
Results
Above-and belowground relationship
We obtained data on mycelial distribution in 100 spatially explicit soil samples and sporocarp distribution at each of three sites for H. peckii (H1, H2, and H3) and two sites for P. tomentosus (P1 and P2).
Hydnellum peckii DNA was detected in 97% of all soil samples at H1 in concentrations ranging from 8.5 Â 10 À4 to 13.0 pg g À1 of soil. Using the molecular weight of the DNA amplicon (1.40 Â 10 5 g mol À1 ), this equates to 3.67 Â 10 2 -5.63 Â 10 7 ITS copies g À1 soil.
The maximum distance between any DNA-containing soil sample and the nearest sporocarp was 144 cm (Fig. 2a) . At H2, 81% of the soil samples contained H. peckii DNA in the range of 1.0 Â 10 À3 -247.1 pg g À1 of soil (4.32 Â 10 3 -1.07 Â 10 9 ITS copies g À1 soil). The maximum distance between any DNA- Moran's I correlogram: distance classes were defined at 40-cm intervals, ranging from 0-40 cm (class 1) to 320-360 cm (class 9); white squares represent nonsignificant (P 4 0.05) Bonferroni-corrected Moran's indices.
containing soil sample and the nearest sporocarp was 267 cm (Fig. 3a) . At H3, 74% of the soil samples contained H. peckii DNA in concentrations ranging from 1.1 Â 10 À3 to 4.4 pg g À1 of soil (4.53 Â 10 3 -1.91 Â 10 7 ITS copies g À1 soil).
The maximum distance between any DNA-containing soil sample and the nearest sporocarp was 124 cm (Fig. 4a) .
There was no significant relationship in any of the H. peckii grids between the Kernel-smoothed sporocarp distribution and the belowground DNA distribution (Table 1) . DNA of P. tomentosus was detected in 60.4% of samples at P1 in concentrations from 3.0 Â 10 À4 to 87.8 pg g À1 of soil.
Using the molecular weight of the DNA amplicon (1.30 Â 10 5 g mol À1 ) this equates to 6.97 Â 10 2 -4.08 Â 10 8 ITS copies g À1 of soil. The maximum distance between any DNA-containing soil sample and the nearest sporocarp was 268 cm (Fig. 5a ). There was a significant positive relationship between the Kernel-smoothed sporocarp distribution and the belowground DNA distribution at P1 (Table 1) . It is possible that this is an artifact of the Kernelsmoothing, which can happen if the chosen bandwidth is too wide. However, when the width was reduced to 40 cm, the Pearson correlation was still significant (P = 0.036).
Phellodon tomentosus DNA was detected in 81.8% of samples at P2 in concentrations ranging from 1.0 Â 10 À5 to 5.1 pg g À1 of soil (46.52.39 Â 10 7 ITS copies g À1 ).
The maximum distance between any DNA-containing soil sample and the nearest sporocarp was 337 cm (Fig. 6a) . There was no relationship between the Kernel-smoothed sporocarp distribution and belowground DNA distribution (Table 1) . Spatial aggregation of DNA The Moran's I correlograms for all grids show a declining index with distance, and in all but one case (H1), values significantly 4 0 were observed, indicating that samples with similar DNA concentrations in these grids are aggregated (Figs 3b-6b) . The correlograms for H2 and H3 have a similar pattern (Figs 2b and 3b ) with significant Moran's indices for the first three distance classes (0-120 cm). There are aggregations of samples with high DNA concentrations on the contour map for H2 (Fig. 3a) that account for the pattern observed in the correlogram. In contrast, the contour map for H3 (Fig. 4a) shows that aggregations of samples with high or low DNA concentrations could be responsible for the correlogram (Fig. 4b) . The correlograms for both P. tomentosus grids (P1 and P2) also have (Figs 5b and 6b) significant Moran's indices for the first four distance classes (0-160 cm). On the contour map of P1 (Fig. 5a ), only aggregates of samples with low DNA concentrations match the size indicated by the correlogram (Fig. 5b) . However, the contour map of P2 (Fig. 6a) shows an aggregate of samples with high DNA concentrations that matches the size indicated by the correlogram (Fig. 6b) .
Discussion
The belowground mycelial systems of H. peckii and P. tomentosus were much larger than could be inferred from the distribution of sporocarps. Mycelial DNA was detected as far as 337 cm away from the nearest sporocarp, and probably extended further, beyond the edge of the sampled area. Clearly sporocarp production does not occur over the whole extent of the belowground mycelium of these two species. Similarly, mycelium of these species extends well away from the immediate site of sporocarp production. These findings have important implications for fungal conservation, especially in consideration of site management because the main conservation action for hydnoid fungi in Scotland is to safeguard existing fruiting sites. Our data clearly indicate that not only the fruiting site, but also an extended area around the fruiting site should be protected from destructive forestry practices. For H. peckii there was no direct relationship between the amount of mycelium belowground and sporocarp density, but for P. tomentosus the situation was less clear. In P1, there was a positive correlation between the belowground abundance of mycelium and sporocarp density, while in P2 this correlation was not significant. Taken together, these findings are in contrast to the results of Guidot et al. (2002) who were unable to detect H. cylindrosporum DNA in soil 4 50 cm away from a sporocarp. Our results are more comparable with the distribution patterns of S. grevillei (Zhou et al., 2001) and T. matsutake (Lian et al., 2006) , where it has been shown that the extent of the belowground mycelial system is not always centred around sporocarps and not directly related to the number of sporocarps at a given location. Because stipitate hydnoid fungi only produce sporocarps at specific microsites (Newton et al., 2002) , but have a much wider distribution belowground, it is also possible that primordia development and maturation into sporocarps is determined by soil properties, as hypothesized for Agaricus bisporus and Laccaria spp. (Noble et al., 2003; Massicotte et al., 2005) . Noble et al. (2003) were able to produce primordia of A. bisporus on a range of substrates, but primordia were only able to mature into sporocarps when grown on specific substrates.
We found clear evidence of patches of high DNA abundance of H. peckii and P. tomentosus. However, with the exception of a few species, it is not possible at present to accurately translate ITS DNA concentrations generated using real-time PCR into fungal biomass, because the rRNA operon, within which the ITS region is located, is a multicopy region of the genome (Gardes & Bruns, 1993) . Copy numbers are known to differ between species (Debaud et al., 1999); however, ITS copy number is assumed to be constant within a species (Raidl et al., 2005) . Genomes of several fungi have now been sequenced, including the ectomycorrhizal fungus Laccaria bicolor (Martin et al., 2008) ; thus, for these species it is now possible to determine ITS copy number. By lack of a genome sequence, Raidl et al. (2005) estimated the ITS copy number per cell of cultured Piloderma croceum by correlating the hyphal biomass with the number of ITS copies measured using real-time PCR. They estimated 152 ITS copies per dikaryotic cell of P. croceum, which allowed them to estimate fungal biomass using real-time PCR data. Parlade et al. (2007) achieved direct quantification of mycelial biomass by constructing a standard curve with DNA extracts from soil mixed with known amounts of cultured Lactarius deliciosus. Both of these approaches are only possible for those few species that can be grown in culture; in our case, it proved impossible to culture H. peckii or P. tomentosus. Nevertheless, DNA concentrations are likely to correlate to mycelial biomass; thus patches of high DNA abundance likely indicate that H. peckii and P. tomentosus produce mycelial mats. This agrees with reports that stipitate hydnoids are mat-forming fungi (Hintikka & Näykki, 1967; Agerer, 2001) . These mats are formed by dense clusters of ectomycorrhizae and mycelium just under the soil surface (Agerer, 1992 (Agerer, , 1993 . The margins of mycelial mats of H. ferrugineum have been described as clearly visible by changes of the aboveground vegetation (Hintikka & Näykki, 1967) ; however, this phenomenon has not been recorded in Scotland.
Because spores and ectomycorrhizae were not removed from the soil samples before DNA extraction, DNA from these sources was potentially present in the soil extracts. The possibility of detecting basidiospore-derived DNA instead of mycelial DNA is a recognized problem when using molecular methods on soil DNA extracts (Guidot et al., 2003; Koide et al., 2005; Anderson & Cairney, 2007) . A common method for minimizing the detection of spore DNA is to collect the soil samples after sporocarp production has ceased (Dickie et al., 2002) . In this study, soil samples were collected after cessation of sporocarp production; however, sporocarps were still present due to the fact that stipitate hydnoid sporocarps are generally very tough and can persist for long periods of time after the fruiting season has passed. This characteristic worked to our advantage because it made possible the comparison of the belowground distribution with the distribution of all sporocarps produced during the whole fruiting season.
Real-time PCR enabled quantitative spatial analysis of the belowground mycelium, and a comparison with sporocarp distribution. The belowground distribution of mycelium of H. peckii and P. tomentosus does not directly reflect the distribution of the sporocarps and both species have a wider distribution belowground than aboveground. Assuming this extends to other rare stipitate hydnoids, sporocarp records alone are not a good indicator for understanding the distribution and rarity of these fungi. An essential next step is to determine the persistence of stipitate hydnoid soil mycelium over time since Guidot et al. (2003) found that mycelial DNA of H. cylindrosporum could not be detected in soil after only 1 year after the disappearance of sporocarps from the site.
